Coronavirus disease 2019 (COVID19) is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Confirmed cases of COVID19 worldwide continue to grow ([@R1]), with a reported case-fatality rate of approximately 3.4% ([@R2]). COVID19 primarily affects lungs and in the most severe cases results in acute respiratory distress syndrome associated with or without multiple organ dysfunction ([@R3]--[@R6]). Once COVID19 patients are admitted to the ICU, the mortality rate is reported to be 31% with a median of 9 days to ICU death ([@R7]). There are no specific therapies for COVID19, and patients are provided only supportive care. Identification of pathophysiologic mediators, as well as prognostic biomarkers and/or therapeutic targets, is essential for improving COVID19 patient outcomes.

A "cytokine storm" may determine the severity of COVID19 ([@R8]), which is the excessive or uncontrolled release of cytokines in response to a pathologic event, such as a viral infection ([@R9]). Using a multiplex immunoassay platform, we have previously determined that COVID19 is associated with a unique inflammatory profile dominated by tumor necrosis factor (TNF), granzyme B, heat shock protein 70 (HSP70), interleukin (IL) 18, interferon-gamma inducible protein 10, and elastase 2 ([@R10]). Potential therapies may, therefore, target TNF and/or serine proteases with antibodies or small molecule inhibitors. In addition, thrombosis profiling in COVID19 patients identified microvascular injury, including endothelial activation and glycocalyx degradation, as a contributor to mortality ([@R11]). These latter findings suggest platelet adhesion to the injured pulmonary microvasculature could be an important COVID19 pathologic mechanism. Protection and/or restoration of the endothelial glycocalyx, as well as platelet adhesion inhibitors, may improve microvascular functioning during COVID19. Although the more common inflammatory and thrombotic proteins contributing to COVID19 pathophysiology have been identified ([@R10], [@R11]), a plethora of protein mediators have yet to be investigated and may hold critically important information to improve COVID19 outcomes.

The overall aim of this study was to assess a targeted proteome from critically ill COVID19 patients over the first 10 days of their ICU stay to identify potential candidates as prognostic biomarkers and/or therapeutic targets. Our specific objectives were (1) to determine protein alterations between coronavirus disease 2019 positive (COVID19+) ICU patients and healthy control subjects (2) to determine proteins that most accurately differentiated COVID19+ from coronavirus disease 2019 negative (COVID19--) ICU patients; and (3) to determine which proteins predict outcome shortly after ICU admission and how these proteins change over time in COVID19+ ICU patients.

METHODS
=======

This study was approved by the Western University, Human Research Ethics Board (HREB). Given the unprecedented pandemic situation and the restricted hospital access for substitute decision makers, waived consent was approved for a short, defined period of time. In keeping with the Society for Critical Care Medicine statement on "Waiver of Informed Consent in Emergency Situations" ([@R12]), the following criteria were considered relevant for HREB approval of waived consent: the subjects were admitted to the ICU with a life-threatening condition; the subjects had impaired decisional capacity; the research staff encountered significant obstacles and delays when attempting to contact the absent substitute decision-makers; the study risk was minimal; the research knowledge gained on this new, lethal disease offered an eventual chance of benefit; and community consultation had been implemented.

Study Participants and Clinical Data
------------------------------------

We enrolled consecutive patients who were admitted to our level-3 academic ICUs at London Health Sciences Centre (London, Ontario) and were suspected of having COVID19 based on standard hospital screening procedures ([@R13]). Blood sampling began on ICU admission for up to 3 days in COVID19-- patients or up to 7 days in COVID19+ patients (1 additional blood draw on day 10). COVID19 status was confirmed as part of standard hospital testing by detection of two SARS-CoV-2 viral genes using polymerase chain reaction ([@R14]). Patient baseline characteristics were recorded at admission and included age, sex, comorbidities, medications, hematologic labs, creatinine, Pa[o]{.smallcaps}~2~ to F[io]{.smallcaps}~2~ ratio, and chest radiograph findings. We calculated Multiple Organ Dysfunction Score (MODS) ([@R15]) and Sequential Organ Failure Assessment score ([@R16]) for both COVID19+ and COVID19-- patient groups to enable objective comparison of their illness severity. Both patient groups were characterized as having confirmed or suspected sepsis diagnosis using Sepsis 3.0 criteria ([@R16]). We also recorded clinical interventions received during the observation period including use of antibiotics, antiviral agents, systemic corticosteroids, vasoactive medications, venous thromboembolism prophylaxis, antiplatelet or anticoagulation treatment, renal replacement therapy, high flow oxygen therapy, and mechanical ventilation (invasive and noninvasive). Final participant groups were constructed by age- and sex-matching COVID19+ patients with COVID19-- patients and healthy control subjects without disease, acute illness, or prescription medications that were previously banked in the Translational Research Centre, London, ON (Directed by Dr. D.D. Fraser; <https://translationalresearchcentre.com/>) ([@R17], [@R18]).

Blood Draws
-----------

Standard operating procedures were used to ensure all samples were treated rapidly and equally. Blood was obtained from critically ill ICU patients via indwelling catheters daily in the morning and placed immediately on ice. If a venipuncture was required, research blood draws were coordinated with a clinically indicated blood draw. In keeping with accepted research phlebotomy protocols for adult patients, blood draws did not exceed maximal volumes ([@R19]). Once transferred to a negative pressure hood, blood was centrifuged and plasma isolated, aliquoted at 250 µL and frozen at --80°C. All samples remained frozen until use and freeze/thaw cycles were avoided.

Proximity Extension Assay
-------------------------

A total of 1,161 plasma proteins were measured using an immunoassay based on proximity extension assay (PEA) technology (Olink Proteomics, Sweden) ([@R20], [@R21]). A 0.25 mL aliquot of trisodium citrate anticoagulated plasma was obtained from each subject and was transported frozen on dry ice to the Clinical Research Laboratory and Biobank (Hamilton, ON). The data generated were expressed as relative quantification on the log2 scale of normalized protein expression (NPX) values. Individual samples were screened based on quality controls for immunoassay and detection, as well as degree of hemolysis. NPX values were rank-based normal transformed for further analyses. Following proteomic quality control, all 30 participants were deemed suitable for analysis.

Population Statistics
---------------------

Medians (interquertile ranges \[IQRs\]) and frequency (%) were used to report ICU patient baseline characteristics for continuous and categorical variables, respectively; continuous variables were compared using Mann-Whitney *U* tests (or Kruskal-Wallis tests, as appropriate), and categorical variables were compared using Fisher exact chi-square, with *p* values less than 0.05 considered statistically significant. Receiver operating characteristic (ROC) curves were conducted to determine sensitivity and specificity of individual proteins for predicting outcome (alive or dead). Area-under-the-curve (AUC) was calculated as an aggregate measure of protein performance across all possible classification thresholds. All analyses were conducted using SPSS version 26 (IBM Corp., Armonk, NY).

Machine Learning
----------------

COVID19 analyte data were visualized with a nonlinear dimensionality reduction on the full data matrix using the t-distributed stochastic nearest neighbor embedding (t-SNE) algorithm ([@R10]). t-SNE assumes that the "optimal" representation of the data lies on a manifold with complex geometry, but low dimension, embedded in the full dimensional space of the raw data ([@R22]). For feature selection, the raw data for each subject were ingested and normalized within each feature, across subjects. More specifically, the data for each marker were scaled to have unit norm. A random forest classifier was trained on the variables to predict COVID status. A random forest is a set of decision trees, and consequently, we were able to interrogate this collection of trees to identify the features that have the highest predictive value (namely, those features that frequently appear near the top of the decision tree). The feature matrix for day 1 COVID19+ ICU patients was classified for patient outcome using a three-fold cross validation with a Random Forest of 100 trees and maximum depth of 6 to reduce overfitting ([@R23]).

RESULTS
=======

We investigated 10 COVID19+ ICU patients (median years old = 61.0; IQR = 54.8--67.0), 10 age- and sex-matched COVID19- ICU patients (median years old = 58.0; IQR = 52.5--63.0) and 10 age- and sex-matched healthy control subjects (median years old = 57.5; IQR = 52.8--62.8; *p* = 0.686). Baseline demographic characteristics, comorbidities, laboratory values, and chest radiograph findings are reported in **Table [1](#T1){ref-type="table"}**. The COVID19-- ICU patients had significantly higher unilateral pneumonia, whereas COVD19+ ICU patients were more likely to have bilateral pneumonia. Sepsis was "confirmed" by infectious pathogen identification in only 20% of COVID19-- ICU patients, whereas sepsis was "suspected" in the remaining 80%. A mortality rate of 40% was determined for COVID19+ ICU patients.
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We measured 1,161 plasma proteins using PEA immunoassays. **Figure [1](#F1){ref-type="fig"}*A*** shows a t-SNE plot illustrating that the COVID19+ ICU patient proteome was distinct and easily separable from age- and sex-matched healthy control subjects. Feature classification identified the top 20 proteins underlying these differences between cohorts and are shown in **Figure [1](#F1){ref-type="fig"}*B*** with their associated importance. Classification accuracy was 100%. The biological functions of these leading 20 proteins are described in **Supplemental Table 1** (Supplemental Digital Content 1, <http://links.lww.com/CCX/A287>.

![Targeted proteomics accurately differentiates coronavirus disease 2019 positive (COVID19+) ICU patients from healthy control subjects. **A**, Subjects plotted in 2D following dimensionality reduction of their respective proteomes by stochastic neighbor embedding. *Yellow dots* represent healthy control subjects, whereas *purple dots* represent age- and sex-matched COVID19+ ICU patients (ICU day 1 plasma). The dimensionality reduction shows that based on the plasma proteome, the two cohorts are distinct and easily separable (100% classification accuracy). The axes are dimension less. **B**, Feature classification demonstrating the top 20 plasma proteins that classify coronavirus disease 2019 status with their % association.](cc9-2-e0189-g002){#F1}

**Figure [2](#F2){ref-type="fig"}*A*** shows a t-SNE plot illustrating that the COVID19+ ICU patient proteome was distinct and easily separable from age- and sex-matched COVID19-- ICU patients. Feature classification identified the top 20 proteins underlying these differences between cohorts and are shown in **Figure [2](#F2){ref-type="fig"}*B*** with their associated importance. Classification accuracy was 100%. The biological functions of these leading 20 proteins are described in **Supplemental Table 2** (Supplemental Digital Content 2, <http://links.lww.com/CCX/A288>.

![Targeted proteomics accurately differentiates coronavirus disease 2019 positive (COVID19+) ICU patients from coronavirus disease 2019 negative (COVID19--) ICU patients. **A**, Subjects plotted in 2D following dimensionality reduction of their respective proteomes by stochastic neighbor embedding. *Yellow dots* represent COVID19+ ICU patients, whereas *purple dots* represent age- and sex-matched COVID19-- ICU patients (ICU day 1 plasma for both populations). The dimensionality reduction shows that based on the plasma proteome, the two cohorts are distinct and easily separable (100% classification accuracy). The axes are dimension less. **B**, Feature classification demonstrating the top 20 plasma proteins that classify coronavirus disease 2019 status with their % association.](cc9-2-e0189-g003){#F2}

We then determined the ability of the plasma proteome to predict mortality in COVID19+ patients on either ICU days 1 or 3. **Figure [3](#F3){ref-type="fig"}*A*** shows a t-SNE plot demonstrating that the proteome between COVID19+ patients on ICU day 1 that either survived or died were distinct and easily separable. The leading 21 proteins underlying these outcome differences are shown, and their biological functions are described in **Supplemental Table 3** (Supplemental Digital Content 3, <http://links.lww.com/CCX/A289>). **Figure [3](#F3){ref-type="fig"}*B*** shows a t-SNE plot demonstrating that the proteome between COVID19+ patients on ICU day 3 that who survived or died were distinct and separable. The leading 21 proteins underlying these outcome differences are shown, and their biological functions are described in **Supplemental Table 4** (Supplemental Digital Content 4, <http://links.lww.com/CCX/A290>. The classification accuracy to predict outcome with the entire 1,161 proteins in COVID19+ patients on ICU days 1 and 3 was 92% and 83%, respectively.

![Targeted proteomics accurately differentiates coronavirus disease 2019 positive (COVID19+) patients that lived or died on ICU days 1 and 3. **A**, COVID19+ ICU patients plotted in 2D following dimensionality reduction of their respective outcomes (alive or dead) by stochastic neighbor embedding. *Green dots* represent COVID19+ ICU patients who survived, whereas *red dots* represent COVID19+ ICU patients who died (ICU day 1 plasma for both populations). The dimensionality reduction shows that based on the plasma proteome, the two cohorts are distinct and easily separable (92% classification accuracy). The axes are dimension less. **B**, COVID19+ ICU patients plotted in 2D following dimensionality reduction of their respective outcomes (alive or dead) by stochastic neighbor embedding (ICU day 3 plasma for both populations). *Green dots* represent COVID19+ ICU patients who survived, whereas red dots represent COVID19+ ICU patients who died. The dimensionality reduction shows that based on the plasma proteome, the two cohorts are reasonably distinct and separable (83% classification accuracy). The axes are dimension less. **C**, Feature classification demonstrating the top 21 plasma proteins obtained on ICU day 1 that classify outcome for COVID19+ ICU patients with their % association. **D**, Feature classification demonstrating the top 21 plasma proteins obtained on ICU day 3 that classify outcome for COVID19+ ICU patients with their % association.](cc9-2-e0189-g004){#F3}

To optimize outcome prediction in COVID19+ patients, we then narrowed the number of proteins from 1,161 using ROC analyses. The top six proteins for predicting ICU survival/death using only day 1 plasma samples are shown in **Figure [4](#F4){ref-type="fig"}**, also shown is their associated time course over 10 ICU days. There were no deaths during the 10 ICU days for either cohort; however, one COVID19+ ICU survivor was discharged on day 7 with no further plasma measurements. With all six proteins, the COVID19+ patients who died had elevated levels relative to those COVID19+ patients who survived to ICU discharge. All six proteins provided excellent classification performance with AUCs equals to 1.0 (*p* = 0.007) for outcome when measured in plasma on ICU day 1 with the following cutoffs: CMRF-35-like molecule \[CLM-1, 7.8\], interleukin receptor-12 subunit B1 \[IL12RB1, 3.3\], cluster of differentiation 83 \[CD83, 3.3\], family with sequence similarity 3 \[FAM3B, 4.7\], insulin-like growth factor 1 receptor \[IGF1R, 3.8\] and opticin \[OPTC\], 3.6.

![Time course for the top six plasma proteins that predicted coronavirus disease 2019 (COVID19) outcome. *Green lines* represent six coronavirus disease 2019 positive (COVID19+) ICU patients who survived (one patient was discharged by ICU day 7), whereas *red lines* represent four COVID19+ ICU patients who died. Receiver operating characteristic analyses for all six proteins measured on ICU day 1 had area-under-the-curves of 1.0 (*p* = 0.007), indicating excellent classification performance. Their respective cutoff values were: CMRF-35-like molecule (CLM-1, 7.8), interleukin receptor-12 subunit B1 (IL12RB1, 3.3), cluster of differentiation 83 (CD83, 3.3), family with sequence similarity 3 (FAM3B, 4.7), insulin-like growth factor 1 receptor (IGF1R, 3.8) and opticin (OPTC, 3.6).](cc9-2-e0189-g005){#F4}

DISCUSSION
==========

In this study, we measured 1,161 proteins in plasma obtained from ICU patients, both COVID19+ and COVID19-, as well as age- and sex-matched healthy control subjects. Given the number of analytes measured, we analyzed the data with state-of-the-art machine learning. Our data indicate the presence of a unique COVID19 plasma proteome with six proteins predicting ICU mortality with 100% accuracy. Despite the exploratory nature of our study, the data generated suggest that these six proteins could be considered for further investigation as potential disease severity and/or outcome biomarkers, and they may be useful for patient stratification in clinical interventional trials.

Our COVID19+ ICU patients were similar to those reported in earlier cohorts ([@R3]--[@R6]) with respect to demographic, comorbidities, and clinical presentation. In contrast to COVID19-- ICU patients, our COVID19+ ICU patients had a higher occurrence rate of bilateral pneumonia. Previous work by our study group in these same patients have determined a unique inflammatory and thrombotic profile. Characterized by elevated TNF and serine proteases ([@R10]) and in association with endothelial activation and glycocalyx degradation ([@R11]), COVID19 represents a severe illness with a high mortality rate. Indeed, in our cohort of COVID19 patients, ICU death was 40%.

Our study has identified a unique proteome in COVID19+ ICU patients that is hypothesis-generating for future biomarker studies of disease severity and/or outcome. Not only have we provided rank order listing of proteins important for COVID19 status, we also identified six proteins that accurately determined COVID19 outcome. The former represents diverse proteins that are dominated by ILs, CXCLs/chemokines, membrane receptors linked to lymphocyte-associated microparticles and/or cell debris, pattern-recognition receptors, cytoplasmic/cytoskeletal proteins, and/or nuclear proteins/transcription factors. The six novel protein outcome predictors that were elevated on ICU day 1 in COVID19+ patients are reviewed individually below.

CLM-1, a type-1 transmembrane glycoprotein with an extracellular immunoglobulin G domain ([@R24]), accurately predicted COVID19 ICU outcome. CLM-1 is expressed predominantly in myeloid cells where it can impair IL-6 production in bone marrow--derived mast cells ([@R25]) and promotes phagocytosis of dead cells by binding phosphatidylserine ([@R26], [@R27]), which serves as a common apoptotic cell surface recognition cue. The removal of apoptotic cells by CLM-1 expressing macrophages may prevent the generation of secondary necrosis and the release of potentially toxic or immunogenic components from necrotic cells, reducing the likelihood of an inflammatory reaction ([@R28]).

IL12RB1, one of two subunits within the IL-12 receptor, is expressed on natural killer cells and activated T-cells. Essential for resistance to intracellular pathogens, IL12RB mediates the proinflammatory response to IL-12 that is released by antigen presenting cells ([@R29]). Individual variability in IL12RB1 function is introduced at the epigenetic, genomic polymorphism, and messenger RNA splicing levels, thereby conferring disease susceptibility and variable outcomes ([@R30]).

CD83, a member of the immunoglobulin superfamily, is expressed on a variety of activated immune cells ([@R31]). Providing selective immunosuppression when membrane bound on antigen presenting cells, soluble CD83 inhibits proliferation and function of T-cells. Viral infection leads to the degradation of dendritic cell CD83, a mechanism described as a viral immune escape mechanism ([@R32]).

FAM3B expression is induced by glucose and proinflammatory cytokines in the islets of Langerhans of the endocrine pancreas ([@R33]). Under physiologic conditions, FAM3B facilitates insulin secretion ([@R33]); however, it is also a secreted cytokine-like protein that can induce cellular apoptosis ([@R34]). Increased FAM3B secretion is associated with pancreatic β cell dysfunction, hyperglycemia, and insulin resistance, suggesting its role in the regulation of glucose and lipid metabolism ([@R35]).

IGF1R, a transmembrane tyrosine kinase receptor that is activated by insulin-like growth factor 1 and 2, is expressed on lymphocytes and macrophages where it can cause proliferation, cytokine production, and priming/activation of target cells ([@R36]). In particular, phosphorylation of the IGF1R exaggerates inflammation, and its overexpression increases cytokine levels during influenza infection ([@R37]). Conversely, IGF1R deficiency attenuates the acute inflammatory response in a mouse model of acute lung injury ([@R38]).

OPTC is highly expressed in the eye nonpigmented ciliary epithelium that secretes it into the vitreous cavity where it associates with vitreous collagen and adjacent basement membranes ([@R39]). As a small leucine-rich protein, opticin binds collagen fibrils and regulates extracellular matrix adhesiveness to suppress capillary morphogenesis and inhibit endothelial invasion ([@R40]). OPTC is also expressed in lymphocytes ([@R41]) and articular joints where it may be degraded by matrix metalloproteinases 1, 2, 3, 7, 8, and 9, and a disintegrin and metalloproteinase with thrombospondin motifs-4 and -5 ([@R42]), but its role in infection and inflammation is unknown.

The plasma concentrations of the six protein outcome markers described above remained remarkably consistent over the first 10 days of ICU care and despite the eventual bifurcation of outcome to survival or death. We have reported a similar trend in the plasma concentrations of TNF, HSP70, and IL-18 ([@R10]). These temporal observations on plasma biomarker concentrations may suggest that outcome is determined early with COVID19 disease onset or perhaps changes in biomarker concentrations precede death, which was beyond our sampling time frame of 10 ICU days.

Despite the novelty of the biomarkers discovered, our study has several limitations. First, we only studied critically ill patients, and we cannot determine the proteome changes contributing to ICU admissions. Second, we acknowledge that our COVD19 study population was limited; however, we still identified strong associations between individual proteins and outcomes, and we fulfilled an urgent need for exploratory data to focus future hypothesis-driven studies on larger cohorts. Third, we report only mortality as our primary clinical outcome. Future studies with larger sample sizes can explore whether reported changes in inflammatory analytes correlate with additional clinical outcomes such as functional status in survivors. Finally, our analyses employed a cross-validation methodology in which the classifier was trained multiple times, each time on a different subset of the data, with the remainder of the data withheld for use only in testing. The reported accuracy is the mean accuracy of all such trials; this is a standard, accepted technique in the machine learning literature but should be validated on a larger testing set that is used only once. Overfitting was minimized by using a very small number of trees, and the very limited depth is protective against over-fitting ([@R23]).

In summary, we report a unique proteome in COVID19+ ICU patients, with identification of six novel proteins that appear to be accurate outcome biomarkers for future studies. Given the high morbidity and mortality associated with COVID19 critical illness, our exploratory data may be invaluable for guiding resource mobilization and/or goals of care discussion, but only after validation in larger COVID19+ cohorts. Furthermore, patient stratification is critically important for future COVID19 interventional trials.
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